We have investigated the carrier transport mechanism of mixed-phased hydrogenated boron-doped nanocrystalline silicon-silicon carbide alloy ͑p-nc-Si-SiC: H͒ films. From temperature-dependent dark conductivity measurements, we found that the p-nc-Si-SiC: H alloys have two different carrier transport mechanisms: one is the thermally activated hopping between neighboring crystallites near the room-temperature region and the other is the band tail hopping below 150 K.
I. INTRODUCTION
Thin films of hydrogenated amorphous silicon ͑a-Si: H͒ and silicon carbide ͑a-SiC: H͒ have attracted considerable research interest mainly due to their potential applications in electronics, optical devices, and window layers in photovoltaic thin-film solar cells. To achieve a highefficiency thin-film solar cell, a window layer should have a high electrical conductivity and a wide optical band gap. Due to the incorporation of carbon atoms, a-SiC: H has a wider band gap than a-Si: H. However, the incorporated carbon atoms limit the electrical conductivity of a-SiC: H.
We can improve the electrical conductivity of a-SiC: H by an impurity doping. However, the impurity doping reduces the optical band gap of films. In recent years, one promising way to incorporate a wide band gap and a high conductivity has been proposed by producing the mixedphase structure consisting of microcrystalline ͑c−͒ or nanocrystalline ͑nc-͒ Si grains embedded in a-Si: H network. We firstly reported on the preparation of hydrogenated boron ͑B͒-doped nc-Si-SiC:H ͑p-nc-Si− SiC: H͒ alloy films containing nc-Si grains embedded in a-SiC: H matrix via the photodecomposition of C 2 H 4 .
1 Its optical transmittance is mainly governed by the a-SiC: H matrix, while nc-Si grains are responsible for the effective transport of charge carriers. 2 This p-nc-Si− SiC: H alloy has a higher electrical conductivity, optical transmittivity, carrier mobility, and doping efficiency than the conventional undiluted p-a-SiC: H. Based on the deposition of p-nc-Si− SiC: H alloy, 1-4 H 2 -diluted p-a-SiC: H buffer layers of p-i-n-type a-Si: H or protocrystalline silicon ͑pc-Si:H͒ solar cells were prepared. [5] [6] [7] [8] We found that the natural hydrogen treatment-etching the defective undiluted p-a-SiC: H window layer and improving order in the window layer-takes place just before the highly conductive, low absorption, and well-ordered H 2 -diluted p-a-SiC: H buffer layer deposition onto the undiluted p-a-SiC: H window layer. 6 Due to the natural hydrogen treatment, we can effectively reduce the recombination at the p / i interface, resulting in dramatic improvement of all solar cell parameters.
The B doping of nc-Si-SiC:H alloys considerably enhances their dark conductivity ͑ D ͒. At the same time, the doping level may influence the degree of the structural disorder, film crystallinity, and defect density distribution. Various carrier transport mechanisms have been reported for aSi: H, 9-11 c-Si: H, 12,13 and nc-C:H films. 14 In this paper, we investigated the electric transport of p-nc-Si− SiC: H alloys.
II. EXPERIMENT
Films were deposited by the Hg-sensitized photoassisted chemical-vapor deposition ͑photo-CVD͒ technique using the mixture of SiH 4 , H 2 , B 2 H 6 , and C 2 H 4 reactant gases. A lowpressure Hg lamp with resonance lines of 184.9 and 253.7nm was used as an UV light source to dissociate the mixture gases. In all depositions, the hydrogen dilution ratio ͑H 2 / SiH 4 ͒, ethylene gas flow ratio ͑C 2 H 4 / SiH 4 ͒, chamber pressure, substrate temperature, and Hg bath temperature were kept at 20, 0.07, 0.46 Torr, at 250 and 20°C, respectively. We deposited about 150-170-nm-thick films on Corning 7059 glass substrates with varying boron doping ratio ͑B 2 H 6 / SiH 4 ͒ from 1000 to 8000 ppm.
We performed Raman spectroscopy and dynamic force microscopy ͑DFM͒ to inspect the structural change of the films. Raman spectra were measured by using JASCO Corp., NRS-1000 system. The wavelength of Ar laser is 532 nm. We used phase-modulated spectroscopic ellipsometer ͑Jobin Yvon, UNISEL͒ in order to measure the film thickness and absorption coefficient. We measured the direct current ͑dc͒ D via coplanar Al contacts ͑gap:1 mm͒ formed by thermal evaporation. The temperature dependence of D was measured using a closed-cycle He cryostat with a proportionalintegral-derivative ͑PID͒ temperature controller. Since D measurements performed in a coplanar configuration are sensitive to the presence of surface adsorbates, 15 Figure 1 shows Raman spectra of the p-nc-Si− SiC: H alloy films deposited on Corning 7059 glass substrates. The deconvolution of a spectrum gives us three independent Gaussian peaks: ͑i͒ a transverse optical ͑TO͒ mode of nc-Si component near 520 cm −1 , ͑ii͒ an intermediate fraction near 510 cm −1 , and ͑iii͒ a TO-like a-SiC: H phase near 480 cm −1 . No Raman peak associated with crystalline silicon carbide ͑c-SiC͒ phase was observed in the range of 750-950 cm −1 . Accordingly, we can conclude that the p-nc-Si− SiC: H alloy film consists of nc-Si grains embedded in a-SiC: H matrix.
III. RESULTS AND DISCUSSIONS
We can indicate the degree of crystallinity by the crystal volume fraction ͑X nc ͒. We evaluated average crystal grain size using a frequency deviation of the nc-Si TO peak from the frequency of the c-Si Raman TO peak ͑520 cm −1 ͒. 16 With the increase in B 2 H 6 / SiH 4 , the average crystal grain size declines from 5 to 3 nm ͑in diameter͒. Since the average crystal grain size of films are between 3 and 5 nm, we may simply find the X nc value by the following equation assuming the Raman cross-section ratio as 1:
where A i denotes the area under the Gaussian peak at an i position. The Raman spectra reveal the phase transition from nanocrystalline to amorphous with the increase in B 2 H 6 / SiH 4 . The enhancement of B 2 H 6 / SiH 4 starting from 1000 ppm leads to a significant decay of the X nc value as a result of the reduction of crystallinity. For the film with B 2 H 6 / SiH 4 = 8000 ppm, we detect only a broad amorphous peak at ϳ480 cm −1 . For B 2 H 6 / SiH 4 ഛ 5000 ppm, the films contain mixed phase of the nc-Si grains and a-SiC: H matrix.
From selected-area transmission electron diffraction ͑SAED͒ images ͑see Fig. 2͒ , we confirm orientations along c-Si planes ͑111͒, ͑220͒, and ͑311͒. Figure 3 displays the results of DFM images. Surface micrographs of the 1000-, 3000-, and 5000-ppm-doped p-nc-Si− SiC: H alloy films are shown in Figs. 3͑a͒-3͑c͒ , respectively. It is seen that a relatively rough structure with macroscopic texture is formed at the surface for the 1000-ppm-doped film. However, the surface roughness of films decreases with the increase in B 2 H 6 / SiH 4 . Thus, the heavily ͑5000-ppm͒doped nanocrystalline film is near the threshold of the transition from nanocrystalline to amorphous and exhibits a smoother surface with smaller particles ͓root-meansquare ͑RMS͒roughness= 1.8 nm͔. Judging from Figs. 1 and 3, it is clear that the surface roughness of the films is deeply correlated with X nc : the higher the crystallinity of the film, the higher the surface roughness. Figure 4 depicts the temperature ͑T͒ dependence of D of the films prepared at different B 2 H 6 / SiH 4 . The experimental data indicate that the conduction mechanism in the films is closely related to the level of crystallinity and B 2 H 6 / SiH 4 . At room temperature the enhancement of D up to 5.5 ϫ 10 −2 S cm −1 follows the increase in B 2 H 6 / SiH 4 up to 3000 ppm due to a shift of Fermi level to the valence band. However, the further increase in B 2 H 6 / SiH 4 results in the reduction of D that may be attributed to the decrease in X nc .
Different slopes of experimental curves in low-and hightemperature regions point to different mechanisms of the carrier transport. The straight lines approximating the experimental points for T Ͼ 150 K reveal a thermally activated process,
where o is the conductivity prefactor, E a is the activation energy, and k is the Boltzman constant. extracted using Eq. ͑2͒ in this figure. It is seen that highly crystalline and conductive films have small E a . In this temperature regime ͑T Ͼ 150 K͒, D of the nanocrystalline films roughly obeys the Meyer-Neldel rule ͑MNR͒, which is an empirical correlation between o and E a ,
where B MNR and E MNR are constants for specific systems. 18, 19 Interestingly, our MNR line with E MNR of 295 mV is very different from that of a-Si: H͑E MNR Х 50 mV͒ ͑Ref. 9͒ and is rather close to that of some specific porous silicon ͑E MNR Х 166 mV͒. 20 From the high value of E MNR , we can conclude that in the p-nc-Si− SiC: H alloys with low E a the carrier transport is dominated not by the extended-states transport ͑which is main transport mechanism in conventional a-Si: H͒, but by a thermally activated hopping between crystallites. 20 Below 150 K, the measured data of the p-nc-Si − SiC: H alloys can be fitted with a linear function, described by the T 1/4 dependence shown in the inset graph in Fig. 4 . This behavior is in agreement with a variable range hopping ͑VRH͒ model known to be limited to low-temperature region. 21 In this temperature region, D follows the Mott law 22 where the carrier transport is dominated by the VRH hopping process in a constant density of states ͑DOS͒ near the Fermi level.
In the classical 25 For the film with B 2 H 6 / SiH 4 = 3000 ppm, DOS exhibits the highest value due to its considerably high crystallinity and increase in B impurity concentration. It is evident that the lightly doped ͑B 2 H 6 / SiH 4 = 1000 ppm͒p-nc-Si− SiC: H which played the best buffer role for the p-i-n-type a-Si: H solar cell in Ref. 5 has the lowest DOS.
IV. CONCLUSIONS
We have investigated the dc parallel dark conductivity of the mixed-phase p-nc-Si− SiC: H alloy films over a wide range of temperatures. The experimental data reveal that the electrical dark conductivity of the films is closely related to the level of crystallinity and boron doping concentration. We conclude that the p-nc-Si− SiC: H alloys show the two different carrier transport mechanisms: the thermally activated mechanism mainly due to intercrystallite hopping near the room-temperature region and the band tail hopping mechanism below 150 K.
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